The chromatin remodeling complex NoRC, comprising the subunits SNF2h and TIP5/BAZ2A, mediates heterochromatin formation at major clusters of repetitive elements, including rRNA genes, centromeres and telomeres. Association with chromatin requires the interaction of the TAM (TIP5/ARBP/MBD) domain of TIP5 with noncoding RNA, which targets NoRC to specific genomic loci. Here, we show that the NMR structure of the TAM domain of TIP5 resembles the fold of the MBD domain, found in methyl-CpG binding proteins. However, the TAM domain exhibits an extended MBD fold with unique C-terminal extensions that constitute a novel surface for RNA binding. Mutation of critical amino acids within this surface abolishes RNA binding in vitro and in vivo. Our results explain the distinct binding specificities of TAM and MBD domains to RNA and methylated DNA, respectively, and reveal structural features for the interaction of NoRC with non-coding RNA.
INTRODUCTION
Despite the fact that mammalian cells contain several hundreds of rRNA genes (rDNA) and rRNA genes are the most actively transcribed genes in eukaryotes, a large fraction of rDNA is silenced by heterochromatin formation to prevent aberrant homologous recombination, thus safeguarding rDNA stability and nucleolar integrity (1) . The transcriptionally silent state of rDNA is established by the chromatin remodeling complex NoRC, which comprises the DNA-dependent adenosine triphosphatase SNF2h and a large subunit, termed TIP5 (also known as BAZ2A) (2) ( Figure 1a ). The C-terminal part of TIP5 harbors a tandem PHD finger/bromodomain, a cooperative unit that interacts with chromatin modifying enzymes, which set specific heterochromatic histone marks and trigger de novo DNA methylation (3, 4) . Targeting NoRC to rDNA leads to repositioning of the promoter-bound nucleosome, changes in histone modifications, increased DNA methylation and silencing of rRNA genes (5) (6) (7) (8) . Consistent with epigenetic regulation representing an intimate and balanced interplay of both RNA and chromatin fields, NoRC function requires the association of TIP5 with specific 150-250 nt RNA, named pRNA ('promoter-associated RNA') as its sequence overlaps the rDNA promoter (6, 9) . pRNA folds into a phylogenetically conserved hairpin structure that is recognized by TIP5 and this specific secondary structure of the pRNA is required for guiding NoRC to nucleoli (10) . Mutations that disrupt this specific stem-loop structure impair binding of TIP5 to pRNA and abolish the nucleolar localization of NoRC,whereas compensatory mutations that restore the hairpin structure re-establish binding and targeting NoRC to nucleoli. The interaction with pRNA is mediated by the TAM (TIP5/ARBP/MBD) domain in the N-terminal region of TIP5, and is indispensable for nucleolar localization of NoRC and heterochromatin formation at rDNA. RNase footprinting and protease sensitivity experiments suggest that TIP5 associates with pRNA in an induced fit mechanism, resulting in structural changes that may facilitate the interaction with co-repressors to promote heterochromatin formation and rDNA silencing (6) . A recent report demonstrated that the poly (ADP-ribose)-polymerase-1 (PARP1) associates with TIP5, thus acting as a co-repressor that mediates the inheritance of silent histone marks through cell cycle progression (11) . Significantly, NoRC function is not restricted to rDNA silencing, but it has been shown to (1) . Intergenic transcripts (red dashed line) originating from the rDNA intergenic spacer are processed into 150-250 nt transcripts, termed pRNA (red waved lines). The interaction of pRNA with TIP5 guides NoRC to the rDNA promoter, an essential step in NoRC-dependent silencing of rRNA genes. (B) Multiple sequence alignment of the TAM domain of hTIP5 (BAZ2A) with phylogenetically related BAZ2A homologs (14) and canonical human MBDs. Sequences were aligned using MUSCLE algorithm (47) , color coding according to CLUSTAL-X (48) . Secondary structure observed in human TAM ( Figure 3) is indicated above the sequence. Structural features of the TAM domain that are not present in MBD folds are indicated by black boxes. Black stars mark residues that are strongly affected in NMR titrations of TIP5/TAM-AT with pRNA mini . Red and black filled circles indicate residues that were mutated to probe the TAM/pRNA interaction interface showing strong or no effect on RNA binding, respectively. Black triangles indicate key residues of the MBD1 that are crucial for its interaction with methylated CpG (52) . Many of these residues are not conserved in TAM domains, i.e. TIP5 TAM R538, Q547, Q562. Residue numbering refers to human TIP5. also establish a repressive heterochromatic structure at centromeres and telomeres, thus preserving the structural integrity of these repetitive genomic loci (12) . Paradoxically, TIP5 may serve as a useful marker for the metastatic potential in prostate cancer. By interacting with EZH2, TIP5 hypermethylates and silences genes that are repressed in metastasis (13) .
The TAM domain in the N-terminal region of TIP5 exerts sequence homology to methyl-CpG-binding domains (MBDs), which are found in proteins that bind to methylated DNA and mediate methylation-dependent gene silencing (14) . TIP5 also harbors two AT-hooks C-terminally of the TAM domain, which are known to bind DNA and regulate transcription by modifying the architecture of DNA (15) . Canonical MBDs bind to methylated cytosine in the context of CpG motifs in DNA but do not directly bind RNA (16) . The closely related TAM domain of TIP5, on the other hand, directly contacts pRNA and this interaction is essential for targeting NoRC to rDNA and NoRCdependent silencing of rRNA genes (10) .
Here, we report the three-dimensional (3D) solution structure of the TAM domain of human TIP5 (hTIP5).
We show that the TAM domain represents a variant of the MBD fold with unique C-terminal extensions that are required for the interaction of TIP5 with pRNA. Using biochemical studies and NMR-spectroscopy we show that point mutations in this surface impair RNA binding in vitro and in vivo. Our results provide structural details for interactions between TIP5 and RNA that are essential for recruitment of the chromatin remodeling complex NoRC to specific genomic loci.
MATERIALS AND METHODS

Plasmid constructs, cells, general procedures
HEK293T cells were grown in DMEM (Invitrogen) supplied with 10% fetal calf serum (FCS; Biosera), 11 mg/ml sodium pyruvate and 11 mg/ml penicillin and streptomycin (PAA Laboratories GmbH). DNA encoding human TIP5/TAM-AT (residues 496-664) and human TIP5/TAM (residues 516-623) were subcloned from pJC40-hTIP5(N332-723) using standard cloning protocols into modified pETM-11 vector (EMBL) containing a His 6 -tag for purification, a GB1-tag at the N-terminus for protein solubility and a tobacco etch virus cleavage site for removal of the tags. TIP5 variants were obtained by QuickChange site-directed mutagenesis (Agilent Technologies). pJC40-hTIP5(N332-723) and pJC40-mTIP5(N1-598) used for purification of human or murine TIP5 for in vitro studies were described before (6) . HA-FLAG-hTIP5 containing full-length human TIP5 or TIP5 mutants used for in vivo experiments was described before (2). pTOPO2.1-mrDNA (-204/-1 sense) used for the synthesis of mouse pRNA was described before (6) .
Protein expression and purification
Isotopically labeled proteins for NMR studies were produced by overexpression in Escherichia coli BL21 (DE3) cells in minimal medium (M9) enriched with 15 N, 13 C and/or 2 H, supplemented with 50g/ml kanamycin. 15 N/ 13 C-and 15 N-labeled proteins were prepared using M9 medium with [U-
13 C]-D-glucose (2g/l) and/or 15 NH 4 Cl (1g/l) as sole carbon and nitrogen sources. For 50% random fractional deuteration the M9 medium was based on 90% 2 H 2 O. Media were inoculated overnight and grown to OD 600 = 0.8 at 37
• C. Expression was induced with 0.2 mM IPTG and performed at 18
• C for at least 16 h. Escherichia coli transformed with cDNA encoding wildtype or mutant TIP5 were resuspended in lysis buffer containing 50 mM HEPES [pH 8.0], 1 M NaCl, 10 mM imidazole, 2 mM ␤-mercaptoethanol, 1 mM Pefabloc SC (Serva), 1 g/ml lysozyme and 7g/ml DNase I, 0.2% w/v IgepalCA-630. After sonication and high-speed centrifugation, His-tagged proteins were bound to Ni-NTA Agarose (Quiagen). Insoluble TIP5/TAM was purified from the pellet by resuspending in low salt lysis buffer with 6 M guanidinium hydrochloride and refolding on a Ni 2+ column by washing with decreasing concentrations of guanidinium hydrochloride (2-0 M). After washing with low salt and high salt buffer containing 1.8 M NaCl, bound proteins were eluted with 300 mM imidazole, digested with tobacco etch virus protease (1 g/mg protein at 4
• C overnight (17, 18) using 12 mM MgCl 2 , 4 mM adenosine triphosphate (ATP) and cytidine triphosphate (CTP), 4.8 mM guanosin-5'-triphosphate (GTP) and uridine-5'-triphosphate (UTP) and 0.08mg/ml PEG8000 (Promega). For reduction of n + 1 products the bottom strand was methoxylated at two 5 -terminal nucleotides (19) . Transcripts were precipitated with ethanol, purified by preparative 20% (19:1) PAGE and electroeluted at 4
• C. Residual acrylamide was removed by dialysis in 10 mM sodium phosphate [pH 6 .0], 0.02 mM ethylenediaminetetraacetic acid (EDTA), 0.02 mM NaN 3 at 1-, 0.5-and 0 M NaCl. Formation of the stem-loop in solution was induced by denaturing pRNA mini in NMR buffer for 4 min at 95
• C and snap-cooling on ice for 15 min and controlled by NMR.
Complex formation was performed at low concentrations on ice. The required amount of pRNA mini in 1.5 ml of cold NMR buffer was slowly added to 33 nmol protein in 2.5 ml of cold NMR buffer. The solution was gently mixed, left for 20 min on ice to allow complex formation and concentrated in an Amicon R Ultra centrifugal filter unit (Merck Millipore) to yield a complex of 0.15 mM TIP5/TAM-AT with molar equivalents of pRNA mini . NMR data were recorded on the complex in a Shigemi tube directly thereafter.
NMR spectroscopy
NMR measurements were carried out at 298K (TIP5/TAM-AT) and 293K (TIP5/TAM) on Bruker 900-, 750-or 600 MHz spectrometers equipped with room temperature (750 MHz) or cryoprobes (900, 600 MHz) and pulsed field gradients. Spectra were processed with NMRPipe (20) and analyzed using Sparky 3.110 software (T. D. Goddard, D. G. Kneller, SPARKY 3, University of California, San Francisco). Backbone resonances were derived using a standard set of 3D NMR experiments for backbone assignment (21) (HNCA, HNCACB, HN(CO)CACB and CBCA(CO)NH) on 15 N/ 13 C uniformly labeled and in case of TIP5/TAM-AT 50% randomly deuterated protein samples. Secondary chemical shifts were calculated and used for secondary structure prediction as described previously (22, 23) . 1 H and 13 C side chain resonances were assigned based on 3D HCCH-TOCSY experiments with 13 C and 1 H evolution and correlated to amide group by CC(CO)NH-TOCSY. 13 Cβ and 1 Hδ/ of aromatic residues were correlated via scalar couplings (24) . The tautomeric state of histidines was determined from long range 1 H, 15 N-HMQC (25) . Stereospecific assignments of pro-S and pro-R methyl 1 H resonances of valine and leucine were based on a 10%
13 C labeled NMR sample as described (26, 27) . Backbone-and side chain residues Nucleic Acids Research, 2015, Vol. 43, No. 10 5211 were assigned manually supported by the MARS software (28) . NOE-assignments were performed using CYANA 3.0 (29) and checked manually. Torsion angle restraints were derived from TALOS+ (30) . 1 H N − 15 N and 13 CO− 15 N RDC were recorded in a two-dimensional doublet-separated, sensitivity enhanced HSQC experiment (31) . The samples were partially aligned using 7% PAA compressed gel (32) or 4% w/v 3:1 DMPC/DHPC bicelles (33) (Avanti Polar Lipids).
Relaxation measurements were performed at 900 MHz proton Larmor frequency on a 0.2 mM 15 N-labeled sample of TIP5/TAM-AT at 298K and at 750 MHz proton Larmor frequency on a 0.6 mM 15 N/ 13 C labeled sample of TIP5/TAM at 293K. R 1 , R 1 and R 2 were measured in an interleaved fashion as described (34) . The R 2 relaxation rate was derived from R 1 (35) for TIP5/TAM-AT and measured directly for the TIP5/TAM domain. NMR spectra were processed and analyzed with NMRPipe (20) using NMRDraw for visualization. Peak intensities were extracted at different delays from peak volume for nonoverlapping signals. The relaxation rates were fitted to a 2-parameter exponential decay from the intensities, with errors from duplicate experiments, calculated from both the standard deviation and the fit itself. The { 1 H}-15 N heteronuclear NOE was extracted as the ratio of peak intensities recorded with and without saturation. The error was estimated from intensity of experimental noise with error propagation. Analysis of the relaxation data was performed as described previously (36) . The tumbling correlation time (τ c ) was estimated from R 2 /R 1 (37) and compared to the expected value, calculated from the number of residues in a monomer (38) . Relaxation data were plotted using Xmgrace.
Proton/deuterium exchange data were measured at 600 MHz Larmor frequency on a 0.2 mM 15 N-labeled sample at 293K. The protein sample was split in half, one being used for setting up experimental parameters on the spectrometer, the other being lyophilized and redissolved in 100% 2 H 2 O immediately before measurement. The exchange was detected by the reduction/disappearance of the respective 1 H N -15 N signals in a series of SOFAST HMQCs (39) recorded at time intervals ranging from 8-120 min. The experiment was recorded with 8 scans, taking ca. 5-6 min per measurement.
NMR chemical shift perturbation experiments were measured at 600 MHz Larmor frequency on a complex of 0.15 mM 15 N-labeled, 50% deuterated TIP5/TAM-AT with different molar ratios of unlabeled pRNA mini at 298K. Titrations of TIP5/TAM with additional RNA and DNA constructs were measured on 0.1-0.15 mM 15 N-labeled and 15 N-and 10% 13 C-labeled samples at 293 K and Larmor frequency of 600 MHz and 500 MHz, respectively. Nucleic acids were added at increasing molar ratios to at least equimolar amounts. Chemical shift changes of 1 H N -15 N signals of the protein were monitored in a series of 1 H, 15 N HSQC experiments. The peak positions were determined using the SPARKY 3.110 automatic picking algorithm. Chemical shift changes are calculated as:
where δH x and δN x are the respective chemical shift values of a resonance in the complex; δH 0 and δN 0 are the respective chemical shift values of the same resonance in the free protein. The factor 1/5 was used to account for the different ppm spectral range of proton and nitrogen spins. Resonances with chemical shift changes or intensity drops larger than one standard deviation above the average were considered significant for binding.
Structure determination
The solution structure of the TIP5/TAM domain was defined based on 2732 distance restraints derived from CYANA 3.0 calculations, torsion angle restrains and two sets of RDCs measured in different alignment media. Two hundred structures were calculated and water-refined by ARIA1.2/CNS (40, 41) . The 20 lowest-energy structures were used for quality and structure validation by the iCING web interface (42) , PROCHECK (43) and WHATCHECK (44) . Backbone torsion angles for 92.1, 7.8 and 0.1% of all residues are found in the core, allowed and generally allowed regions of the Ramachandran plot, respectively, none in disallowed regions. The RDC R-factor was calculated as described previously (45) . Electrostatic potential maps were calculated online using PyMOL (The PyMOL Molecular Graphics System, Version 1.7.4 Schrödinger, LLC). Structural representations were generated with PyMOL.
Electrophoretic mobility shift assays (EMSA)
Electrophoretic mobility shift assays (EMSA) experiments were performed as described previously (6) . Radiolabeled MCS-RNA was synthesized by T7 RNA polymerase using pBluescript-KS linearized with EcoRI and transcribed with T7 RNA polymerase in the presence of 50 Ci [ 32 P]-UTP (3,000 Ci/mmol; Perkin Elmer). Radiolabeled RNA was incubated for 30 min on ice with purified recombinant protein (10-50 nM) in 12 mM Tris-HCl, pH 8.0, 100 mM KCl, 5mM MgCl 2, 0.1 mM EDTA, 0.5 mM DTT, 3% glycerol. In competition experiments (Supplementary Figure S2) , unlabeled competitor RNA was added after 5 min and reactions were incubated for additional 30 min. RNA-protein complexes were resolved in 6% native polyacrylamide gels in 0.5× Tris/Borate/EDTA buffer (TBE). Gels were vacuumdried, exposed to a screen and visualized by PhosphorImaging. The amount of bound RNA in band shifts and unbound RNA probes was compared by quantification of images using Image Gauge 4.0 software.
Filter binding assays (FBA)
Filter binding assays (FBA) were performed essentially as described (46) .
For synthesis of [ 32 P]-labeled pRNA, pTOPO2.1-mrDNA(-204/-1) was linearized with EcoRI and transcribed with T7 RNA polymerase in the presence of 50 
RESULTS
The TAM domain of TIP5 adopts an extended MBD fold
Sequence alignments of the TAM domain of human TIP5 (BAZ2A) with phylogenetically related homologs (14, (47) (48) and canonical methyl-CpG binding domains (MBDs) show sequence conservation of the TAM domain in vertebrates, whereas sequence homology with canonical MBDs is less obvious (Figure 1b) . Notably, the TAM domain comprises a unique 36 amino acid insert, which is not present in canonical MBDs and has two conserved AT-hooks adjacent to the TAM domain. The phylogenetically conserved region of the TAM domain extends at both the N-and C-terminal ends beyond the borders of the MBD identified by domain predictors, e.g. SMART (49, 50) and Pfam (51).
To study the structure and RNA binding properties of the TAM domain, we analyzed TIP5/TAM-AT, a TIP5 fragment comprising residues 496-664, by NMR chemical shifts and 15 N relaxation experiments (Figure 2a) . The 13 C secondary chemical shifts, 15 N relaxation rates and low { 1 H}-15 N heteronuclear NOE values for the amides of residues 496-519 and 622-664 (comprising the AT-hooks) indicate that these regions are flexible and intrinsically disordered, while residues 520-621 are structured and define the globular fold of the TAM domain.
To identify the minimal RNA binding region of TIP5 we performed EMSA using TIP5 versions comprising residues 332-723 ('TIP5'), 496-664 ('TIP5/TAM-AT') and 516-623 ('TIP5/TAM') and 32 P-labeled MCS-RNA. As shown in Figure 2b and c all three TIP5 fragments bind to the RNA. While at 30 nM protein TIP5 quantitatively forms protein-RNA complexes and TIP5/TAM-AT retains 97% of the RNA binding activity, TIP5/TAM has only 75% of the efficiency of TIP5 for RNA binding. These results indicate that the TAM-AT domain comprises the RNA binding region of TIP5 and suggest that the TAM domain is the principal RNA binding domain of TIP5. The presence of super-shifted protein-RNA products formed both by TIP5 and TIP5/TAM-AT, but not by TIP5/TAM, as well as a slight increase in RNA binding affinity observed with TIP5/TAM-AT as compared to TIP5/TAM, suggests that additional auxiliary RNA interaction may be contributed by the AT-hooks. We used FBA to quantitatively determine the binding affinity of TIP5/TAM-AT to pRNA. These experiments show that TIP5/TAM-AT binds to pRNA with a dissociation constant of K D = 5.5 nM (Figure 2d) .
Next, we determined the solution structure of TIP5/TAM by heteronuclear NMR spectroscopy. The secondary structure of the TAM domain is indicated by 13 Table 1 ). The TAM domain adopts an ␣/␤ fold, with a twisted ␤-sheet comprised of five antiparallel ␤-strands that pack against three ␣-helices (Figure 3a) . The ␤-sheet represents a continuous surface, where two short loops connecting ␤1-␤2 and ␤4-␤5 open up like a clamp in the C-terminal region. Helix ␣2 (Phe563-Arg572) is inserted between the strands ␤3 and ␤4 and followed by a 3 10 -helical turn. Helix ␣3 (Ala611-Ile621) follows the ␤5 strand at the C-terminus of the protein.
The N-terminal helix ␣1 (Pro522-Gln530) is slightly bent, presumably due to the presence of a conserved proline residue (Pro528). The TAM domain adopts a stable and rigid fold, with only few residues in the linker following helix ␣2 (Asn573-Arg579), and the ␤1-␤2 with ␤4-␤5 loops showing increased flexibility as indicated by low { 1 H}-15 N heteronuclear NOE values (Figure 2a ; Supplementary Figure S1a) . Notably, the linker connecting the 3 10 -helical turn with ␤4 (Phe583-Gly592) is well-ordered and not flexible.
Although the structural core of the TAM domain resembles the MBD domain (Figure 3b ) it exhibits unique Nand C-terminal extensions. Compared to the MBD fold the TAM domain has an additional N-terminal helix (␣1), a small ␣/␤ motif comprising ␤4, ␤5 and a helix ␣3 at the C-terminus. The ␤1-␤2 loop in the TAM domain corresponds to the L1 loop in MBDs which normally mediates contacts with the DNA backbone (52-54). However, the ␤1-␤2 loop in the TAM domain is much shorter and adopts a different conformation, suggesting that this specific structural element may not contact methylated DNA and has a distinct role. Structure-based sequence alignments show that the unique structural elements of the TAM domain, i.e. specifically the small ␣/␤ motif, correspond to unique sequence insertions (Figure 1b) that are not present in canonical MBD domains.
Unique structural elements mediate the interaction of TIP5/TAM with RNA
To map the RNA binding surface of the TIP5/TAM-AT domain by NMR chemical shift perturbation experiments, we designed a shorter version of pRNA, dubbed pRNA mini . pRNA mini has been previously described and represents a fusion of pRNA nucleotides -127/-113 with nucleotides -60/-49. This preserves a specific stem-loop structure that is recognized by TIP5 with features conserved between mouse and human (10, 55) (Figure 4a, Supplementary Figure S2) . The secondary structure and base pairing of pRNA mini was confirmed by an imino NOESY spectrum (Figure 4b) . In competition EMSA experiments we found that pRNA and pRNA mini are able to compete binding of non-specific MCS RNA to TIP5 at low and high nanomolar concentrations, respectively (Supplementary Figure S2) . This is consistent with the low nanomolar affinity observed for the pRNA-TIP5 interaction in EMSA experiments (Figure 2d) . It also indicates that pRNA mini binds to TIP5 with a (high) nanomolar dissociation constant. Thus, although pRNA mini has (about 10-fold) reduced affinity to TIP5, our data suggest that it harbors important structural features required for efficient binding to TIP5 and was therefore used for NMR titration experiments.
We monitored binding of TIP5/TAM-AT to pRNA Figure S2 ). Interestingly, binding is saturated at 1:0.5 molar ratio of protein to RNA, suggesting that the RNA has two binding sites for TIP5/TAM-AT. The RNA binding surface of the TAM domain maps to the small ␣/␤ motif comprising ␤4, ␤5 and helix ␣3, i.e. the region that is unique to the TAM domain (Figure 3c ). This RNA binding surface is flanked by a positively charged region, indicating that electrostatic interactions contribute to RNA binding. (Figure 3d ). The AT-hooks harbor a number of additional positively charged residues. In the NMR titrations, many residues of the AT-hooks are strongly affected by RNA addition, although the chemical shift changes could in most cases not be traced to quantitatively analyze the chemical shift perturbations. Nevertheless, this indicates that the AThooks also contribute to the RNA binding, presumably by mediating additional electrostatic contacts with the RNA. In the free protein the AT-hooks are intrinsically disordered (Figure 2a) , while in the RNA complex they may become more ordered by forming charged interactions with the RNA. This is supported by line broadening and/or large chemical shift changes for the few residues that could be analyzed in the NMR titration (i.e. A634, T636; Figure 4c and d). Together, the TAM domain harbors a novel RNA binding surface that involves a unique C-terminal ␣/␤ motif that is absent in canonical MBDs, thus rationalizing the unique capability of TAM to bind RNA. The AT-hooks a Distance restraints were employed with a soft square well potential using an energy constant of 50kcal mol −1Å−2 . b Torsion angle restraints derived from TALOS + (31) were applied to , backbone angles using energy constants of 200 kcal mol −1 rad −2 . c Residual dipolar couplings (RDCs) were employed with a harmonic potential using an energy constant of 0.8 kcal mol −1 Hz −2 for the 1 H N -15 N RDCs and 0.4 kcal mol −1 Hz −2 for the 13 C'-15 N RDCs. Q-factor as defined by (46) . Structural statistics are given for the 20 lowest-energy structures after water refinement out of 200 calculated for residues 516-624 of the human TIP5/TAM domain. Pair wise coordinate r.m.s. deviations are calculated for residues 522-621. The CNS E repel function was used to simulate van der Waals interactions with an energy constant of 25kcal mol −1Å−4 using PROLSQ van der Waals radii (41). Backbone torsion angles for 92.1, 7.8 and 0.1% of all residues are found in the core, allowed and generally allowed regions of the Ramachandran plot, none in disallowed regions.
likely contribute additional non-specific electrostatic contacts with the RNA. We also monitored the interaction of TIP5/TAM with other RNAs (Supplementary Figure S3) . While negligible chemical shift changes were observed with single-stranded poly-U RNA, significant spectral changes occurred in the presence of an RNA hairpin found in the A-repeat region of Xist a noncoding RNA that is required for X-chromosome inactivation (57, 58) . Interestingly, the TAM residues affected in NMR titrations upon binding to pRNA mini or Xist RNA are similar (Supplementary Figure S3c) . This observation is consistent with the EMSA data and previous studies showing that TIP5 does not recognize a specific RNA sequence but rather distinct structural features, e.g. double-helical regions in stem-loop structures that may also be present in other RNAs.
Mutational analysis of the TAM-RNA interface
To validate the NMR data and examine the functional significance of the RNA binding surface, we monitored RNA binding of a panel of mutants that comprise specific amino acid exchanges in the TAM domain. Solvent exposed amino acid residues within the pRNA binding interface as well as conserved residues within the ␤-sheet surface of MBD domains (52) were altered, yielding the TAM variants K541E, K540E/K541E, R545E, W546Y, W546A, Q547A, Q562A, Q605A, S616D, R617E and Q619A (Figure 5a) . The structural integrity of all proteins was monitored by NMR (Supplementary Figure S4) . We also investigated the W551/Y552 double mutation in human TIP5, as we have previously shown that the corresponding mouse TIP5 W531G/Y532A mutant abolishes pRNA binding and strongly affects heterochromatic hallmarks when overexpressed in eukaryotic cells (6) . The corresponding residues in human TIP5 (W551 and Y552) contribute to the hydrophobic core of the TAM domain fold. Consistent with this the double mutation W551G/Y552A is structurally unstable as the recombinant TAM W551G/Y552A double mutant is partially unfolded (Supplementary Figure S5) . This shows that the structural integrity of the TAM domain is required for pRNA binding and functional activity of TIP5.
Next, we monitored RNA binding of TIP5, TIP5/TAM-AT and several TIP5/TAM-AT mutants using filter binding assays and EMSA. As expected, mutations altering residues remote from the TAM-pRNA interface (Q547A, Q562A, Q605A, Q619A and S616D) did not significantly affect RNA binding without affecting the tertiary structure (Supplementary Figure S4 and data not shown). In contrast, mutations within the RNA binding interface (K541E, W546Y, W546A and R617E) significantly reduced binding to pRNA, without affecting the domain fold (Figure 5b,  Supplementary Figure 4) . NMR spectra data indicate that the TAM domain fold is destabilized in the K540E/K541E double mutant. Thus, impaired RNA binding of this mutant is likely due to misfolding and/or aggregation of the TAM domain, underlining the importance of structural integrity for RNA binding of TIP5/TAM. Consistent with the filter binding experiments, electrophoretic shift mobility assays revealed that RNA binding of mutants R545E and W546A was strongly decreased (Figure 5c ), indicating that R545 and W546 are directly involved in the interaction of TIP5 with RNA. To examine whether mutations that impair pRNA binding in vitro also affect TIP5-pRNA interaction in vivo, we performed RIP assays to monitor the association of pRNA with wild-type and mutant TIP5. Lysates from cells expressing FLAG-tagged TIP5, TIP5-R545E or TIP5-W546A were precipitated with anti-FLAG antibodies, and co-precipitated pRNA was monitored by RT-PCR. Cells transfected with the empty vector were used as a control. As shown in Figure 5d , RNA binding of the R545E or W546A mutant was markedly decreased as compared to wildtype TIP5. These results are in accord with the in vitro data demonstrating the functional relevance of residues R545 and W546 for TIP5 binding to RNA.
DISCUSSION
We report the solution structure of the TAM (TIP5/ARBP/MBD) domain of human TIP5 and show that it represents a novel extended MBD fold that is normally found in MBD-containing proteins such as MeCP1, MBD1, MBD2, MBD3 and MBD4. MBD-containing proteins function by recruiting various protein complexes to methyl-CpG sites, linking DNA methylation with chromatin modification and transcriptional repression. Significantly, the structurally related TAM domain does not exhibit binding preference to methylated DNA but associates with RNA. Previous studies have shown that the interaction of TIP5 with pRNA is crucial for targeting the chromatin remodeling complex NoRC to nucleoli and the establishment of heterochromatic features at a subset of rRNA genes (6) . TIP5 binds to a phylogenetically conserved hairpin structure of pRNA, which is required for epigenetic regulation of rRNA genes (10).
Our structure reveals that the structural core of the TAM domain resembles the MBDs of MBD1 and MeCP2. However, the TAM domain comprises unique C-terminal extensions, with the C-terminal ␣/␤ motif not being present in canonical MBD structures. Significantly, the positively charged C-terminal ␣/␤ motif constitutes the binding interface of TIP5 and pRNA. The sequence of the TAM domain and residues involved in RNA binding are conserved in vertebrates, underscoring the functional importance of the TAM domain distinct from MBD proteins. Mutational analysis revealed that residues in the RNA binding surface are required for RNA binding in vitro and in vivo. We found that two of the tested residues, W546 and R545, are the most important for RNA binding. Notably, these residues are not conserved in human MBDs, suggesting that the interaction of TAM-containing proteins with specific regulatory RNA may guide chromatin modifying enzymes to regulatory gene regions.
Canonical MBDs recognize methylated CpGs in DNA by hydrophobic residues located at the ␤-sheet surface, with additional DNA backbone contacts mediated by the extended loop L1 (52) (Figure 6 ). Although the fold of the TAM domain resembles the MBD domain, TAM does not exhibit binding preference for methylated DNA (Supplementary Figure S6 ). This may be explained by the fact that amino acids that mediate specific recognition of methylated CpG regions by the MBD domain are not conserved in the TAM domain (Figure 1b) . Hence, the TIP5/TAM domain has evolved as a specific pRNA recognition domain that is required for NoRC recruitment to the rDNA promoter.
Interestingly, our NMR titrations show that the TAM domain also binds to a hairpin found in Xist RNA, a non-coding RNA involved in dosage compensation and Xchromosome inactivation. A common structural feature between pRNA and Xist RNA are double-helical regions. This suggests that the TIP5/TAM domain preferably recognizes double-helical regions in NoRC-associated RNAs. This may explain why our NMR titrations indicate that two TAM-AT proteins can bind to pRNA mini , which has two helical stem regions. Also, the observation of supershifts in the EMSA experiments demonstrates the formation of higher order complexes, which could involve binding of TIP5 to different helical stem regions in larger RNA ligands.
A general preference for helical regions in RNAs by TIP5 is supported by recent data showing that the function of NoRC is not restricted to silencing of rRNA genes but is also required for heterochromatin formation and silencing of centromeres and telomeres (12) . Like rRNA genes, centromeres and telomeres are organized in repeated clusters and exhibit a repressive heterochromatic structure. This heterochromatic structure depends on specific ncRNAs, i.e. satellite transcripts originating from the centromeric core region and on TERRA ('telomeric repeat-containing RNA'), respectively. Indeed, TERRA was shown to be associated with TIP5, supporting that TERRA serves a guiding function in NoRC-dependent heterochromatin formation at telomeres (12) . It is tempting to speculate that the interaction of NoRC with pRNA, satellite RNA and TERRA relies on the recognition of double-helical regions in these RNAs which is recognized by the TAM domain of TIP5. Future structural characterization of full-length TIP5 and its interaction with different RNAs will give further insights into the versatility of RNA recognition motifs and their involvement in diverse biological functions.
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